values (p < 0.001). Contact number and electrode model were also significant predictors of impedance. Conclusions: Impedance decreases gradually in a stimulation-dependent manner. These trends have implications for long-term programming, the development of a closed-loop DBS device and current understanding of the electrode-tissue interface.
Introduction
Deep brain stimulation (DBS) is used in the treatment of certain movement and psychiatric disorders, including Parkinson's disease (PD), essential tremor (ET), dystonia and obsessive-compulsive disorder. DBS therapy entails surgical implantation of an electrode into a specific brain target. The electrode is then connected via a subcutaneous extension cable to an implantable pulse generator (IPG) that provides sustained stimulation. Stimulation parameters (voltage or current, frequency, pulse width, specific contact(s) and polarity of stimulation) are selected in order to optimize therapeutic benefit in the individual patient. Electrical current delivery to the intended tissues is opposed by impedance, which is the resistance to current flow in an alternating current circuit [1] [2] [3] [4] . The
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Abstract Background: Deep brain stimulation (DBS) electrode impedance is a major determinant of current delivery to target tissues, but long-term variation in impedance has received little attention. Objectives: To assess the relationship between electrode impedance and time in a large DBS patient population and characterize the relationship between contact activity and impedance. Methods: We collected retrospective impedance and programming data from 128 electrodes in 84 patients with Parkinson's disease, essential tremor or dystonia. Effects of time, contact activity, stimulation voltage and other parameters on impedance were assessed. We also examined impedance changes following contact activation and deactivation. Results: Impedance decreased by 73 Ω/year (p < 0.001), with 72% of contacts following a downward trend. Impedance was on average 163 Ω lower in active contacts (p < 0.001). Contact activation and inactivation were associated with a more (p < 0.001) and less (p = 0.016) rapid decline in impedance, respectively. Higher stimulation voltages were associated with lower impedance value of impedance depends in turn on the stimulation parameters selected [5] . In constant-voltage IPGs, the voltage of pulses from the IPG is controlled, but the current delivered varies based on impedance. Since electrode lifetime can be a decade or longer [6] , changes in impedance over time may have significant implications for long-term DBS programming and efficacy, as well as for closed-loop DBS devices being developed to mitigate the need for reprogramming [7] [8] [9] [10] . Moreover, identification of the factors responsible for variation in impedance is crucial for understanding current transfer from electrode to tissue, which is a key step in the mechanism of DBS.
Two types of impedance can be measured in clinical DBS systems: therapy and electrode impedance. Therapy impedance represents the resistance to current flow for the specific stimulation parameters being used to treat the patient. Electrode impedance is measured at standardized stimulation parameters and is monitored clinically because abnormal values may indicate electrode dysfunction such as a short or open circuit [11] . Impedance varies significantly between patients and has a substantial effect on the extent of tissue activation, as it affects the amount of current being delivered to the brain. A major determinant of impedance is the extent of the foreign body reaction around the electrode contacts [3] . The long-term tissue response to electrode implantation is characterized by gliosis, formation of a glial fibrillary acidic protein-positive capsule and emergence of giant cells [12] [13] [14] . A higher degree of encapsulation has been associated with larger impedance values [15, 16] .
Several studies have described impedance changes over hours to days. Impedance has been found to decrease reversibly in the hours following acute stimulation [2, 17, 18] . One study found that in patients with PD, impedance decreases over the 2 days following surgery, but returns to two thirds of the initial value after 1 month [19, 20] . A trial of DBS in nonhuman primates found that impedance increases in a dramatic, transient manner in the first week following implantation and stabilizes at an elevated value at approximately 100 days after surgery [17] . These observations have been attributed to electrical stimulation causing the separation of proteins and cells from the electrode, possibly via the formation of an oxidative film surrounding the DBS electrode [17, 18] .
Four studies to date have examined long-term electrode impedance changes in patients undergoing DBS. A study of 24 patients with dystonia showed a stimulationdependent decrease in impedance over the course of 1 year following surgery [21] . Recent work by our group found that in 18 patients with PD, impedance decreased over a 3-year period and was lower in active contacts [22] . Conversely, in 191 patients receiving subdural stimulation and DBS for epilepsy, impedance fluctuated during the first 6 months and was constant from 1 to 4 years after electrode implantation [23] . Lastly, a study of 94 patients with various movement disorders followed for up to 5 years after surgery found that impedance decreased over time and with contact activity and varied by target, contact number and cerebral hemisphere [24] .
In the present study, we quantified the relationship between electrode impedance and time in a large DBS movement disorder population, including patients with PD, ET and dystonia. In addition, we characterized the relationship between contact activity and impedance. Given the findings of our recent smaller-scale study [22] , we hypothesized that impedance would decrease over time, with lower impedances in active versus inactive contacts. Based on the evidence that electrical stimulation decreases impedance by causing tissue to separate from active contacts, we further hypothesized that impedance would decrease more rapidly in contacts following activation and less rapidly following deactivation, and that higher stimulation voltages would be associated with lower impedances.
Methods

Study Design and Population
This study was approved by the University of Minnesota Institutional Review Board. Data were collected retrospectively from the electronic medical record (EMR) system, and were derived from those patients with PD, ET or dystonia who underwent DBS electrode implantation by the author (A.A.) from 2006 to 2011. Electrodes implanted in separate hemispheres of the same patient were analyzed independently.
Inclusion criteria for DBS surgery at the University of Minnesota Medical Center have been published previously [9, 25] . Subjects were included in this analysis if they possessed 1 or more DBS electrodes connected to a single-channel Medtronic Soletra IPG (model 7426; Medtronic Corporation, Fridley, Minn., USA), and had at least 1 DBS programming visit during which impedance values were recorded in the EMR. We excluded electrodes in the event of substantial postoperative complications, specifically electrode infection (n = 4), hydrocephalus (n = 1) or subdural hematoma (n = 1). Electrodes were also excluded if their location was ever surgically revised due to suboptimal placement, hardware malfunction or lack of benefit with stimulation (n = 11). In the case of IPG replacement with an IPG other than the Soletra model, we recorded data only during the lifetime of the Soletra IPG, so as to eliminate the potential variable of including impedance data collected using a different IPG model. [26] .
Statistical Analysis
Baseline impedance differences between contacts selected to be active or inactive in the initial programming visit were compared using an unpaired, two-tailed t test. A Mann-Whitney-Wilcoxon test was also carried out due to minor skew in the initial impedances. Finally, to address the possibility that the impedances within electrodes (across contacts) might not be independent, we examined the effect of initial contact activity status on impedance using a mixed linear regression model. In this test, contact status (active or inactive) was analyzed as a fixed effect, and a random effect for electrode was introduced to account for variation between electrodes.
We examined the effects of time and contact activity on electrode impedance using a mixed linear regression model. Time since implantation and contact status were analyzed as fixed effects, and a random effect for electrode was again included. Data were analyzed for an interaction effect between time and contact activity. Similar parallel analyses were carried out for diagnosis, anatomical target, electrode model, target laterality and contact number, each included with time as a fixed effect. Lastly, we performed a Pearson's χ 2 goodness-of-fit test comparing the number of visits in which each contact number was active to the expected number of such visits.
To demonstrate the variability in the time course of impedance, linear regression for impedance versus time was performed separately for each contact within each electrode. Because the individual regressions were often based upon a small number of measurements (2-5), several extreme outliers were found in the slopes of these regression lines. These outliers were discarded using the conservative 3 × interquartile range approach, in which slopes that lay more than 3 multiples of the interquartile range below the first quartile or above the third quartile are identified as extreme outliers. Mean and standard deviation were subsequently calculated for the regression slopes.
To further explore effects of contact activity on impedance, we took the impedance value of each contact from a given visit and subtracted that contact's impedance value from the previous visit; these differences were then classified by relative contact activity in the given visit versus the previous visit (i.e. active to active, inactive to inactive, active to inactive, or inactive to active). A mixed linear regression model was again used, this time with impedance change as the dependent variable, time between visits and relative contact activity as fixed effects, and a random effect for electrodes. Visit pairs more than 2 years apart were not included so as to avoid giving undue statistical influence to a small number of distant visit pairs.
The influence of the degree of contact electrical activity on impedance was assessed with a mixed linear regression model comparing impedance (at a given visit) to programming voltage (recorded at the given visit, but set at the prior visit). Voltage was considered a fixed effect, and a random effect for electrodes was again introduced. All statistical analyses were performed with SAS version 9.2 (SAS Institute Inc., Cary, N.C., USA).
Results
Demographics
Data from 128 DBS electrodes in 84 patients met criteria for inclusion in this study. Subject follow-up ranged from 34 days to 6.5 years, with a median of 2.7 years. Demographic statistics are provided in table 1 . The patient population included PD (n = 64), ET (n = 14), dystonia (n = 5) and an additional patient with mixed PD and ET features. In the PD patients, 93 of 98 electrodes were located in the subthalamic nucleus (STN), while the remaining 5 targeted the globus pallidus pars interna (GPi). All electrodes in the ET patients were implanted in the ventral intermediate nucleus of the thalamus (VIM), and all electrodes in dystonia patients were situated in GPi. Medtronic model 3389 electrodes were used exclusively in PD patients, while Medtronic model 3387 electrodes were used in ET and dystonia patients as well as a small number of PD patients (4 STN and 5 GPi electrodes). Time and Contact Activity A total of 2,022 individual contact impedance measurements were recorded. Figure 1 shows these impedance values plotted as a function of time and contact activity. Impedances recorded in the initial programming visit, before any stimulation had occurred, were compared between contacts selected to be active or inactive. Tests, including t testing, nonparametric Mann-Whitney-Wilcoxon testing and mixed linear regression model analysis, all demonstrated no significant difference in baseline impedance (p = 0.51, p = 0.54 and p = 0.40, respectively). The mixed linear regression analysis yielded a significant effect for both time (p < 0.001) and contact activity (p < 0.001) on impedance ( table 2 ) . Impedance decreased by 73 Ω/year, and active contacts had lower impedances than inactive contacts by 163 Ω. No significant interaction was found between time and contact activity (p = 0.53).
In order to assess variability in the temporal course of impedance, we carried out simple regression analysis for each contact. The mean slope was -80 Ω/year with a standard deviation of 183 Ω/year, and 72% of the slopes were negative. The distribution of these individual impedance time courses is illustrated in figure 2 .
Diagnosis, Target, Electrode Model and Target Laterality
We also evaluated diagnosis, anatomical target, electrode model and target laterality (right vs. left cerebral hemisphere) as independent predictors of impedance after controlling for time following electrode implantation ( table 2 ). The impedance of electrodes implanted in PD patients was higher than that of electrodes implanted in ET patients (by 171 Ω, p < 0.001) and dystonia patients (by 310 Ω, p < 0.001); there was a marginally significant difference between electrode impedances in ET and dystonia patients (p = 0.08). Electrodes located in STN were characterized by higher impedances than those in GPi (by 246 Ω, p < 0.001) and VIM (by 173 Ω, p < 0.001); there 98 was no significant difference between impedances of electrodes implanted in GPi versus VIM. Impedances were 181 Ω higher for Medtronic model 3389 electrodes than for model 3387 electrodes (p < 0.001). Finally, no significant difference was identified between impedances recorded from left-hemispheric versus right-hemispheric electrodes (p = 0.18).
Contact Number
Contact activity and impedance also varied by contact number ( table 3 ) . The likelihood of a given contact being active in any given programming visit varied significantly (p < 0.001) between contacts, with usage rates lower in the outer contacts (29 and 44% in contacts 3 and 0, respectively) and higher in the middle contacts (49 and 51% in contacts 1 and 2, respectively). Mean impedance followed a similar trend, with higher impedances in the outer contacts (1,347 and 1,309 Ω in contacts 0 and 3, respectively) and lower impedances in the middle contacts (1,265 and 1,230 Ω in contacts 1 and 2, respectively). Mixed linear regression identified significant differences between all contact numbers (p = 0.015 for contacts 0 vs. 3, p = 0.013 for contacts 1 vs. 2, and p < 0.001 for all other comparisons).
Contact Activation/Deactivation and Voltage
Impedance also depended on contact activation or deactivation, as well as voltage of stimulation. We found significant effects from activating or deactivating contacts during the programming visit following the change. Relative to a contact left off in both visits, activation of a contact was associated with a more rapid decline in impedance (121 Ω lower at the follow-up visit, p < 0.001), while deactivation of a contact was associated with a less rapid decline in impedance (81 Ω higher, p = 0.016). Contacts left active were similar to those left inactive (p = 0.12). Impedance decreased significantly (p < 0.001) with increasing voltage, at a rate of -150 Ω/V.
Discussion
Changes in impedance over time may affect the longterm stability of both electrical current delivery and detection of local field potentials [22, 27] . Consequently, these temporal patterns have implications for long-term DBS device programming and for the design of a closedloop DBS system. Additionally, elucidation of the factors that underlie variation in DBS electrode impedance is essential for understanding the electrode-tissue interface.
This retrospective study was designed to assess longitudinal trends in electrode impedance in a large patient population, as well as to elucidate the effects of contact activity on impedance. In addition to time and contact activity, we also examined variation in impedance by indication for DBS surgery, anatomical target, electrode model, and contact number.
Effects of Time and Stimulation on Impedance
Changes in impedance over time have received little attention in the DBS literature but have important implications for device programming, current delivery to target brain structures and DBS efficacy [1] [2] [3] 5] . Trials in human patients and animal models have documented fluctuations in impedance during the first 30-100 days following implantation [17, 19, 20] ; beyond this period there have been four previous reports published. Consistent with these prior studies of long-term changes in human DBS populations [21] [22] [23] [24] , we found that, on average, impedance decreased slowly over time, at a rate of 73 Ω/year. We did not observe any evidence of the previously described stabilization in impedance after 1 year [23] . Over the study period, impedance decreased in 72% of individual contacts ( fig. 2 ) . Thus, while impedance values varied significantly between electrodes, a large majority of electrode impedances followed a similar downward trend. Although a decrease in impedance by 73 Ω/year is unlikely to have major effects on therapeutic efficacy, those patients in whom a more rapid decline in impedance was noted may have experienced significant changes in symptom control and adverse effects. Future research examining the relationship between impedance variability and clinical outcome would serve to clarify the practical implications of these changes. We found that electrically active contacts had lower impedances than inactive contacts, which is also consistent with past work [22, 24] . In order to explore this relationship further, we examined the consequences of contact activation and deactivation at the subsequent followup programming visit, as well as the effects of stimulation voltage on impedance. Relative to contacts left in the off state, activated contacts decreased more in impedance while deactivated contacts decreased less. Higher voltages were associated with lower impedances. This description of contact activity and stimulation magnitude constitutes a novel characterization of the effects of stimulation on impedance and provides evidence for a causal relationship in which electrical activity reduces impedance.
Histological encapsulation of the electrode due to the foreign body response has a significant effect on impedance [3, 15] . More extensive gliosis and a thicker capsule are associated with higher impedance values [12, 15] . A possible explanation for gradually decreasing impedance over time is accumulation of cerebrospinal fluid (CSF) around the electrode, such as might be observed in cerebral atrophy of the sort seen in PD [28] or with normal aging [29] . Consistent with this hypothesis, the bloodbrain barrier has been found to be more permeable in the vicinity of implanted electrodes [30] . While histological studies do not mention perielectrode CSF accumulation [12] , these fluid spaces may not be readily apparent in postmortem tissue specimens. In the 28% of contacts associated with increasing impedance over time, ongoing electrode encapsulation may have outweighed CSF accumulation.
Previous authors have proposed that contact stimulation decreases tissue adhesion to the DBS electrode by oxidation at the electrode-tissue interface, and in fact acute stimulation has been used in a research context to reduce impedance [2, 17, 18] . We have shown that impedance is dependent on contact activity status as well as the degree of activity (i.e. voltage). The diminished decay in impedance observed following electrode deactivation may reflect readhesion of tissue structures to the electrode, while the accelerated decrease in impedance with activation may be due to acute separation of the capsule elements from the electrode. We found that impedance decreases over time in both active and inactive contacts, which suggests that our explanations for decreasing impedance over time and with contact activity are compatible. Future biochemical and histological work -for example, quantitative evaluation of perielectrode fluidmay elucidate the specific tissue processes that underlie these impedance trends.
Electrode Model and Impedance
We found significant effects of indication for DBS surgery, target nucleus and electrode model on impedance. Higher impedances were found in patients with PD, electrodes implanted in STN and Medtronic model 3389 electrodes. Patients with ET or dystonia and Medtronic model 3387 electrodes implanted in VIM or GPi were associated with lower impedance values. Past research has similarly found higher impedance in electrodes implanted in STN relative to those implanted in GPi [24] , but the relationship between impedance, surgical indication and electrode model has not previously been examined. Given that all ET and dystonia patients were implanted with model 3387 electrodes, the absence of significant impedance differences between ET-VIM and dystonia-GPi stimulation suggests that electrode model accounts for most -if not all -of the variability in impedance among the potential variables assessed. A difference is not surprising due to the geometric configurations of the two electrode models studied here, which vary only in the spacing between contacts (1.5 and 0.5 mm in model 3387 and 3389 electrodes, respectively). A computer modeling study found the opposite result from the present study -with higher impedances associated with model 3387 rather than model 3389 electrodes -although that study analyzed bipolar rather than monopolar stimulation [3] . The higher average impedance observed in the more closely spaced contacts, as well as the presence of this difference during monopolar stimulation (in which adjacent contacts are inactive), is somewhat surprising and does not immediately suggest an explanatory mechanism. However, the presence of electric fields around inactive contacts [31] may be relevant.
It should be noted that the impedance difference between ET and dystonia did not reach statistical significance but suggested the presence of a trend (p = 0.08). Impedance may be affected by other target-specific factors not assessed in this study, such as degree of myelination within grey matter, as well as contact location relative to the intended target. However, the simplest explanation for impedance differences observed in these different disorders and anatomical targets is variation in the electrodes used based on indication and target.
Contact Location and Impedance
We found that both contact usage and impedance varied by contact number. Consistent with past research [24, 32] , the middle electrode contacts (1 and 2) were used more frequently than the outer contacts (0 and 3) and were associated with lower impedance values. Lower impedance in the middle contacts may be related to stimula-100 tion through optimally located contacts, as follows from the evidence above that electrical stimulation decreases impedance. Additionally, because contact number may be a proxy for anatomical location, middle contacts may have lower impedance by virtue of being more likely than outer contacts to reside in grey matter, which itself is characterized by lower impedance than white matter [33, 34] . This latter possibility is opposed by our observation that baseline impedance -measured during the initial postoperative programming visit, prior to the delivery of any stimulation -was similar in contacts selected to be active compared to contacts selected to be inactive. There remains some controversy regarding whether maximal benefit arises from stimulation of the grey matter of STN itself, or from stimulation of the white matter of the zona incerta [35, 36] . However, if it is the case that contacts located in grey matter are selected more often than contacts in white matter as a result of symptomatic benefit during programming, impedance may reflect the anatomical position of a given contact.
Study Limitations
The retrospective design of this study presents some limitations to data interpretation. First, not all programming visits were recorded in the medical records. This is due to a combination of recent institutional EMR changes as well as the occurrence of some patient programming visits outside of our hospital system. Many patients had large gaps between recorded visits, across which temporal trends were extrapolated. Furthermore, these visits fell between some visits that we considered to be consecutive for the purposes of the contact activation-deactivation analysis.
Second, our findings pertain to electrode impedance (measured at uniform stimulation parameters) rather than therapy impedance (measured at patient-specific stimulation parameters). The use of electrode impedance instead of therapy impedance was necessary to ensure valid comparison between impedances recorded from different patients and at different time points. The measurement voltage for impedance testing (1.5 V) is consistent with typical therapeutic stimulation parameters, and while the measurement frequency (30 Hz) is lower than typical therapeutic stimulation frequency, impedance measurements at lower frequency reflect the electrodetissue interface impedance more specifically than impedance measurements at higher frequency [37] . Additionally, while therapy impedance constitutes the barrier to therapeutic current flow in a specific patient [4] , monopolar electrode impedance reflects the microenvironment of each contact [3] . Therefore, the aggregate electrode impedance for all active contacts should be closely related to therapy impedance.
Third, while the manufacturer of the Soletra IPG has estimated the accuracy of the device's impedance measurements to be about 50-100 Ω, the precise accuracy is difficult to report due to a number of variables involved (e.g. stimulation parameters and daily impedance changes). Additionally, the accuracy of these measurements has been reported to decline with decreasing IPG charge [38] . Nonetheless, the effect sizes in the present study all exceed 100 Ω.
Fourth, the programming wand used to check impedance values in this study had a maximum measurement threshold of 2,000 Ω. The impedance testing voltage is often increased in order to drive impedance below 2,000 Ω and rule out the presence of an open circuit, but for consistency we did not include impedances recorded at test voltages other than 1.5 V. Impedances above 2,000 Ω were subjectively observed to occur more frequently in early postoperative programming visits, and excluding these impedance recordings may have resulted in an underestimation of the effect of time and other variables on impedance.
Finally, this study was restricted to electrodes associated with an older voltage-controlled IPG model in order to ensure a large sample size. Current-controlled IPGs have recently been developed to minimize the effect of impedance changes on voltage distribution [2] . Repeating this study using the newer, current-controlled IPGs might yield different results in electrode impedance trends and relationships.
Conclusions
In this retrospective study, we examined trends in electrode impedance in a large population of patients with movement disorders receiving stimulation through implanted, constant-voltage, DBS devices. We present evidence for a downward trend in impedance over time, as well as a potentially causal effect in which electrical stimulation led to lower impedance values, and contact deactivation slowed the rate of decline in impedance over time. Our results suggest that impedance variation between different disorders and targets is predominantly due to the use of different electrode models. Finally, we found that impedance was lower in the middle electrode contacts (1 and 2) due to stimulation at those contacts and/or to anatomical location within grey matter.
